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Direct RFOC Strategies Aimed to Symmetrical
Two-Phase IM Drives: Comparison Between B4- and
B6-Inverters in the Stator

Ameni Ouarda =, Bassem El Badsi

Abstract—This paper deals with an investigation of the steady-
state and transient performance of the direct rotor flux-oriented
control (RFOC) strategies implemented in symmetrical two-phase
induction motors (2PIMs). Such an investigation is structured
within a comparison study considering: 1) the case of a two-leg
voltage source inverter (B4-inverter), and 2) the case of a three-leg
voltage source inverter (B6-inverter), in the stator of the 2PIM.
Following a presentation of both drives, the principle of the RFOC
is briefly recalled. Then, a special attention is paid to the im-
plementation of the direct RFOC on current-regulated B4- and
Bo-inverters. The control of the power switches is achieved by
two two-level hysteresis regulators in the B4-inverter rather than
three in the B6-inverter. Initiated by a simulation-based analysis
of the selected steady-state features of both 2PIM drives under
direct RFOC strategies, the comparison study is then extended
to a deep experimental investigation of the steady-state operation
with emphasis on the dc-link capacitor voltages, the stator line-to-
line and phase voltages, stator phase currents, the rotor flux, and
the electromagnetic torque. The established results reveal three
major limitations of the B4-inverter fed 2PIM drive, such as: 1)
unbalanced dc-link capacitor voltages at low speeds; 2) a reduced
speed range due to the low level of the phase voltages; and 3) an
injection of harmonics due to the d—g transformation. While the
Bé6-inverter exhibits balanced dc-link capacitor voltages in the to-
tal constant torque region with higher ripple of the stator phase
currents and of the electromagnetic torque, the experiment-based
comparison is achieved by an investigation of the dynamic behav-
iors of both drives under step- and ramp-shaped reversals of the
reference speed. It highlights the poor dynamic behavior of the
B4-inverter fed 2PIM drive under both shapes of speed reversal.

Index Terms—B4-inverter, B6-inverter, comparison study, ex-
perimental investigation, rotor flux-oriented control (RFOC), sim-
ulation, steady-state operation, symmetrical two-phase induction
motor (2PIM), transient behavior.

I. INTRODUCTION

OLLOWING the alarming increase of the rare-earth per-
manent magnet (PM) cost that greatly disturbed the auto-
motive industry in the middle of 2011, intensive R&D projects
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have developed in an attempt to substitute brushless motor-based
embedded actuators by PM-less ones. Of particular interest is
the squirrel cage induction motor (IM) in so far as its manufac-
turing has reached a high level of maturity.

Accounting for the limited power range of the automotive
actuators (apart the propellers integrated in the electric and hy-
brid propulsion systems), and for the sake of an improvement of
the compactness, the conventional three-phase induction motor
(3PIM) could be substituted by a symmetrical two-phase one,
yielding the so-called two-phase induction motor (2PIM). Basi-
cally, this latter produces a pure circular rotating field if the two
stator phases are fed by sinusoidal currents sharing the same
amplitude and angular frequency, and shifted by 90°.

Unlike 3PIMs integrated in variable speed drives, symmetri-
cal 2PIMs could be fed by different inverter topologies, includ-
ing [1]-[3] the following.

1) The B4-inverter, which is made up of two legs. The motor
phases are series connected with the terminal of each
linked to a leg of the B4-inverter while the neutral point
linked to the middle point of the dc bus voltage.

2) The B6-inverter, which is made up of three legs. The motor
phases are series connected with the terminal of each as
well as the neutral point linked to a leg of the B6-inverter.

3) The B8-inverter, which is made up of four legs. The motor
phases are totally disconnected with the terminals of each
one linked to two legs of the B8-inverter.

In large-scale production industries such as the automotive
and home appliance ones, the cost effectiveness is a key issue.
Within this statement, reduced-structure inverters offer crucial
cost benefit. This makes the B4- and B6-inverters viable candi-
dates to feed 2PIM-based actuators, with a superiority in favor
of the B4 one.

This said, it is commonly believed that the cost effectiveness
represents a tradeoff with the drive performance. Indeed, there
is a required level of performance to be fulfilled by 2PIM drives
even in low-cost applications. Within this framework, several
works have been reported in the literature dealing with the im-
provement of the steady-state features and transient behavior of
2PIM drives with emphasis on the proposal of dedicated pulse
width modulation (PWM) techniques under open-loop operation
on one hand, and the synthesis of closed-loop control strategies
on the other hand.

Vieira et al. proposed, in [4], a PWM approach for B6-
inverter fed 2PIM drives, enabling the generation of symmetri-
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cal and asymmetrical stator voltages. It has been shown that the
amplitudes of line-to-line voltages can vary from zero to 0.707
per unit of dc-link voltage for symmetrical voltages. The perfor-
mance of the proposed PWM approach has been demonstrated
by simulation and validated by experiments.

In [5], Kumsuwan et al. proposed a carrier-based unbalanced
PWM strategy for B8-inverter fed asymmetrical 2PIM drives.
The proposed strategy is based on the unipolar modulation tech-
nique with open-loop V/ f control. It enables the generation of
two-phase output voltages with independently adjustable mag-
nitudes and quadrature phase angle.

Different discontinuous space vector (SV)-PWM techniques
for a B6-inverter fed symmetrical two-phase loads have been
proposed in [6]. A special attention has been paid to the re-
duction of the inverter switching loss and the output current
ripple. The investigation covered both balanced and unbalanced
output phase voltages at high modulation index considering a
load power factor angle of 30° lagging. The performance of the
proposed techniques have been demonstrated by simulation and
experiments along with a comparison with those exhibited by a
continuous SV-PWM technique.

Concerning the closed-loop control strategies, Jemli et al. pro-
posed a sensorless indirect stator flux-oriented control devoted
to 2PIM drives [7]. The speed estimation is based on the mea-
surement of the stator main and auxiliary phase currents. The
performance of the proposed strategy has been demonstrated by
simulation and validated by experiments. It has been found that,
at very low speeds including standstill, these performance are
sensitive to the accuracy of the stator and rotor resistances. In
order to overcome this problem, the authors proposed an online
resistance estimation as an outlook of their work.

In [8], Guerreiro et al. introduced an approach to control the
speed of asymmetrical and symmetrical 2PIMs. It consists in
a step commutation of the voltage phase so that the resulting
voltage phasor turns to be diametrically opposed to the initial,
yielding the so-called “diametrical inversion” (DI) technique.
The DI has been allied to a sliding mode technique to implement
a speed controller for 2PIM drives.

It has been shown that the DI technique offers a high dy-
namic of the torque, and that the sliding mode guarantees a high
robustness against external torque disturbances.

In [9], Kascak et al. treated the SV-PWM-based indirect rotor
flux-oriented control (RFOC) of 2PIM drives considering both
cases of B6-inverter and matrix half-bridge converter in the mo-
tor stator. A special attention has been paid to the switching
sequence for the SV-PWM technique in order to minimize the
output current ripple. An indirect RFOC scheme has been pro-
posed and implemented. Simulation and experimental results
confirmed the performance of the proposed strategy.

In [10], Jang focused on the problems allied to the imple-
mentation of indirect RFOC strategies on asymmetrical 2PIM
drives. These problems are encountered starting from the motor
parameters identification. These could be overcome consider-
ing symmetrical 2PIMs for which an indirect RFOC strategy
has been implemented. The proposed strategy has been inspired
from the indirect vector control strategy proposed so far for
three-phase ac machines. The drive performance have been ver-
ified by simulations and experiments.
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Fig. 1. B4-inverter fed 2PIM drive connections.

In [11], Nied et al. considered the implementation of an indi-
rect RFOC strategy in an asymmetrical 2PIM drive dedicated to
washing machine application. A special attention has been paid
to the improvement of the drive energy efficiency. Such a target
has been verified experimentally along with a high dynamic of
the drive.

Referring to the previous literature review dealing with the
control schemes dedicated to 2PIM drives, it has been noticed
that the totality of the studied papers treated the implementa-
tion of indirect RFOC strategies in PWM-controlled B4- and
Bo6-inverter fed 2PIM drives. This paper proposes the two di-
rect RFOC schemes implemented in bang-bang (hysteresis)-
controlled B4- and B6-inverter fed symmetrical 2PIM drives.
This enables a rapid control of the power switches with the
inverter commutation frequency kept constant by the sampling
period of the digital signal processor in which the RFOC strate-
gies are implemented. A comparison of the steady-state and
transient performance of both drives, under the proposed RFOC
strategies, is carried out for the sake of a firm selection of the
inverter topology.

II. B4- AND B6-INVERTER FED TWO-PHASE IM DRIVES

A symmetrical 2PIM is equipped with two identical phases,
geometrically shifted by a 90° electrical angle, in the stator and
a squirrel cage in the rotor. In order to develop an ideal circular
rotating field, the stator phases should be fed by two sinusoidal
currents shifted by 90°. Thanks to its reduced number of phases,
the 2PIM represents a viable candidate for low-power low-cost
applications. Moreover, it exhibits an improved compactness,
which is of great interest for embedded actuators.

Further improvement of the cost effectiveness is gained with
the reduction of the associated inverter topology which could
be a B4 rather than a B6 in the case of 3PIMs. However, such
a reduction could have some fallouts on the drive performance.
These will be investigated following the implementation of two
direct RFOC strategies in the B4- and B6-inverter fed 2PIM.

A. B4-Inverter Fed Two-Phase IM Drive

Fig. 1 shows the connections of a B4-inverter fed symmetrical
2PIM drive. The 2PIM phases, named “a” and “b,” are series
connected with their terminals linked to the B4-inverter legs,
and with the neutral point “n” linked to the middle point “o0” of
the dc bus voltage V...

The states of the four power switches of the B4-inverter are
denoted by the binary variables S;—S;. The stator phase-to-
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TABLE I
SWITCH STATE COMBINATIONS, CORRESPONDING STATOR PHASE VOLTAGES,
AND RESULTING ACTIVE VOLTAGE VECTORS V; OF THE B4-INVERTER FED
2PIM IN THE CASE OF BALANCED DC-LINK CAPACITOR VOLTAGES
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Fig. 2. Active voltage vectors V; generated by a B4-inverter fed 2PIM.
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Fig. 3. Bo6-inverter fed 2PIM drive connections.

neutral voltages v,, and v}, are expressed, in terms of the
states .S and S5 and the dc bus voltage V., as follows:

17 7S
1 0 — 1

{”} = f Sy | Vae. (1)
Ubn 0 1 —g ]_

Four active voltage vectors (V1—V ), corresponding to the
combinations of the states S7 and S5, are defined in Table 1.
These vectors are located, in the stationary a—b plane, as

shown in Fig. 2. They have an amplitude equal to % and are
shifted by 90°.

B. Bo6-Inverter Fed Two-Phase IM Drive

The B6-inverter fed 2PIM drive connections are shown in
Fig. 3. Two among the three inverter legs are connected to the
terminals of the 2PIM a- and b-phases; the third one is linked to
the neutral point n.

The states of the six power switches of the B6-inverter are
indicated by six binary variables S;—S;. The stator phase-to-
neutral voltages v,, and vy, are expressed, in terms of the
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TABLE II
SWITCH STATE COMBINATIONS, CORRESPONDING STATOR PHASE VOLTAGES,
AND RESULTING VOLTAGE VECTORS V; OF THE B6-INVERTER FED 2PIM
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Fig. 4. Voltage vectors V; generated by a B6-inverter fed 2PIM.

states (51, S2, and S3) and the dc bus voltage V., as following:

Si

Van | |1 =1 0

|:Ubn:||:0 1 J Sy | Vie- 2
S3

Table II gives the eight state combinations, the corresponding
stator phase voltages, and the resulting voltage vectors V;. These
could be classified as follows according to their amplitudes:

1) V1, V3, Vy, and Vg are equal to Vy;

2) Vg and Vj are equal to VoVie:

3) Vg and V7 are null vectors.

Vectors Vj are located in the a—b plane as shown in Fig. 4.

III. RFOC STRATEGY FORMULATION

The principle of the RFOC strategies dedicated to 2PIM drives
is similar to the one introduced so far for the 3PIM drives [12].
The only difference is related to the variable changes from the
stationary a—b frame to the one linked to the rotating field, also
called synchronous d—q frame.

Let us consider the coordinate transform that enables the
expression of the 2PIM variables defined in the stationary a—b
frame in terms of those defined in the synchronous d—q one, as

ZTq| _ |cosl. —sinf, | |xq 3)
x|~ |sinf. cosf. T,
where 6, is the position of the d-axis with respect to: 1) the stator

a-phase axis for the stator variables; and 2) the rotor a-phase
axis for the rotor ones.
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TABLE III
SYMMETRIC 2PIM PARAMETERS

re =147Q Ly=13.6mH M =117mH J=2e"*kg m?
r, =039Q L, =13.6mH N, =2 f=2e""N-ms

The ab-to-dq transform matrix is expressed as follows:

[xd} _ [00598 sin@e} {xa} @)
Zq —sinf, cosf. | |xp |’

In order to achieve decoupled controls of the rotor flux and
the electromagnetic torque, the rotor flux vector @, should be
aligned along the d-axis, yielding ¢4, = ¢, and ¢4, = 0. Doing
so, the dynamic model of the 2PIM, in such a d—q reference
frame, is expressed as follows:

Uds = Tslds + %(bds - We(bqs (a)
Vqs = Tsiqs + %¢qs + we¢ds (b)

i 5)
0 = r’!'idr + E(ﬁf (C)
0 = T.riqr —+ wsld)r (d)
and
das = Lgigs + Migy (a)
¢qs = Lsiqs + Miqr (b) ©)
(b?" = Mids + Lridr (C)
0 = Mig + Liig: (d)

where (vgs, Vgs), (ids, iqs), and (¢qs, @qs) denote the stator
voltages, currents, and flux, respectively; (iqr, iqr) and ¢q, are
the rotor currents and flux, respectively. (75, ) and (L, L,)
denote the stator and rotor resistances and self-inductances, re-
spectively. M and wyg are the mutual inductance and the slip
angular frequency, respectively.

Accounting for (5¢), (5d), (6¢), and (6d), ¢, and wg could be
expressed as follows:

b = Tpias(0)

(7
igs
wa = -2 (0)
where T, = L, /r,, and p is the differential operator.
The expression of the torque is then reduced to
M
Tem = Np f@sr 1qs ®)

where INV,, denotes the pole pairs.

IV. RFOC IMPLEMENTATION IN CURRENT-REGULATED B4-
AND B6-INVERTER FED 2PIM DRIVES

A. Case of B4-Inverter

The implementation of the direct RFOC strategy in a current-
regulated B4-inverter fed 2PIM drive has the scheme shown
in Fig. 5. The rotor flux, the slip angular frequency, and the
electromagnetic torque are estimated using (7a), (7b), and (8),
respectively. The speed, the torque, and the flux controllers are
of PI-type. The dg-to-ab and ab-to-dq variable changes are done
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Fig. 5. Implementation scheme of the proposed direct RFOC strategy dedi-
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Fig. 6. Implementation scheme of the proposed direct RFOC strategy dedi-
cated to a current-regulated B6-inverter fed 2PIM drive.

using matrices (3) and (4), respectively. Two two-level hysteresis
controllers drive the inverter switches.

B. Case of B6-Inverter

The implementation of the direct RFOC strategy in a current-
regulated B6-inverter fed 2PIM drive has the scheme shown
in Fig. 6. It is similar to the one corresponding to the case of
the B4-inverter illustrated in Fig. 5. The only difference lies
in the control of the power switches which is achieved by two
two-level hysteresis controllers in the B4-inverter rather than
three in the B6-inverter, such that: 1) two hysteresis controllers
drive the switches of the two legs connected to the stator phase
terminals; and 2) the third one drives the switches of the inverter
leg connected to the neutral point of the stator phases.

The input of the third hysteresis controller is the error e,,. It
is equal to the difference between the desired neutral current 7;,
and the actual one i,,. It is easily predicted as

en =1, —ip
= 7(Z‘ZS + Zl*)i) + (qu + ibs)
—(€eq +ep). )
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V. SIMULATION-BASED INVESTIGATION OF SELECTED
STEADY-STATE FEATURES OF THE 2PIM DRIVES
UNDER COMPARISON

In this section, the performance of the direct RFOC strate-
gies dedicated to both current-regulated B4- and B6-inverter fed
2PIM drives are predicted by simulation. These will be exper-
imentally validated Section VI. The dc bus voltage V;. is kept
constant equal to 68 V. The sampling period T’ is equal to 50 yus.
The parameters of the considered 2PIM are listed in Table III.

| PC & dSpace 1104 ” DC Supplies ” Interface Boards ” IGBTs/Diodes & Drivers

Voltage & Current Sensors

Simulink & Control Desk

Two-Phase Induction Motor

Speed Sensor

Fig.9. Photograph of the experimental setup used for the implementation and
performance investigation of the direct RFOC strategies.

Fig. 7 shows the simulation results characterizing the steady-
state operation of the 2PIM fed by the B4-inverter (subscript
“1”) and by the B6-inverter (subscript “2”) under the control
of the developed direct RFOC strategies, in the case of a refer-
ence speed €2 = 100 rad/s. Subscripts (a)—(e) are assigned to
the reference stator phase currents 4}, and i}, the actual stator
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phase currents ,5 and %, the stator a-phase voltage v,,, the
predicted rotor flux ¢, in the synchronous reference frame, and
the predicted electromagnetic torque Ty, , respectively. Refer-
ring to Fig. 7(a) and (b), it is to be noted that the actual stator
phase currents ¢, and 1,5 follow their references, and are shifted
by 5.

Moreover, the comparison between the results shown in
Fig. 7(b1) and (b2) clearly highlights that the current ripple are
higher in the case of the B6-inverter. As expected, these ripple
have greatly affected the quality of the electromagnetic torque,
as illustrated in Fig. 7(e2). It is to be noted that the current ripple
are directly linked to the level of the stator phase voltages. These
vary between £V, in the case of the B6-inverter and between

jzg% in the case of the B4-inverter, as shown in Fig. 7(c1) and

(c2). From the analysis of Fig. 7(d1) and (d2), one can notice that
the estimated rotor flux exhibits almost a ripple-free waveform
in the case of the B4-inverter.

VI. EXPERIMENT-BASED INVESTIGATION OF THE
STEADY-STATE AND TRANSIENT BEHAVIORS

The experiments have been carried out using a test bench
built around a TMS320F240 DSP-based digital controller. Two
electrolytic capacitors 2C are mounted in the input of the B4-
and B6-inverters, with C' = 2200 yF. The inverter legs are made
up of SKM 50 GB 123 D modules, which are associated SKHI
22 A drives to control the IGBTs. The dc bus voltage V., the
sampling period 7T, and the parameters of the 2PIM are the
same as those considered in simulation.
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drives under the proposed direct RFOC strategies. Legend 1: (a) and (c) i}, and zf) 3 (b) and (d) 745 and i (2 A/div). Legend 2: (a) and (b) Q7 = 10 rad/s with

is(ms) = 2.5 A; (c) and (d) Q7 = 200 rad/s with i () = 3 A.
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TABLE IV
SWITCH STATE COMBINATIONS, CORRESPONDING STATOR PHASE VOLTAGES,
AND RESULTING ACTIVE VOLTAGE VECTORS V; OF THE B4-INVERTER FED
2PIM IN THE CASE OF UNBALANCED DC-LINK VOLTAGES (Vi1 # Vie2)

(5152) Van Ubn Vi
(I 1) Vide1 Vide1 Vi
O 1) —Vieo Vier \P
(0 O) —Vde2 —Vdc2 V3
(r 0 Vide1 Va2 Va

The schematic block diagram of the test bench is illustrated
in Fig. 8. A photograph of the experimental setup is shown in
Fig. 9.

A. Steady-State Operation Analysis

1) DC-Link Capacitor Voltages: The measured dc-link ca-
pacitor voltages Vg1 and Vjeo are shown in Fig. 10, consid-
ering three values of the reference speed: (a) €2 = 10 rad/s;
(b) €2 = 100 rad/s; (c) 2 = 200 rad/s, with a motor constant
loading level equal to 83% of its rated value (corresponding to
an rms value of the stator phase current i,(;yms) = 2.5 A).

Referring to Fig. 10(al), (bl), and (cl), it clearly appears
that the dc-link capacitor voltages are unbalanced in the case of
the B4-inverter fed 2PIM drive, especially at low speeds. This
limitation is due to uneven discharging of the dc-link capacitors

CH110.0d8  25.0Hz (S00S/5) CH110.0d6  25.0Hz (S00S/5)

(© (d)

(a)—(d) Spectra of the measured stator a-phase current shown in Fig. 12(b1), (d1), (b2), and (d2), respectively.

leading to significant voltage ripple at low stator frequencies
[13]-[15]. Furthermore, accounting for the connection of the
neutral point of the 2PIM to the middle point of the dc bus,
additional ripple due to the injection of harmonics caused by
the d—q transformation are affecting the dc bus voltages. This
statement will be confirmed by the spectral analysis of the stator
phase current illustrated in Fig. 13. These perturbations affect
the instantaneous values as well as the average ones of the dc bus
voltages. For instance, in the case of {27 = 10 rad/s, the average
values of the upper and lower dc-link capacitor voltages are
V™ =40V and V%) = 28 V, respectively.

The above described limitations are totally mitigated in the
case of the B6-inverter for which the dc-link capacitor voltages

are balanced, with (V.1 = Vyeo = de = 34 V) in the whole
speed range.

2) Stator Line-to-Line and Phase Voltages: Fig. 11 charac-
terizes the steady-state operation corresponding to two operating
points sharing the same loading level of the 2PIM (correspond-
ing to the rated stator phase current i,(yms) = 3A) and differing
by the speed, with: 2% = 10 rad/s (subscripts “a” and “b”), and
0 = 200 rad/s (subscripts “c” and “d”).

Fig. 11(al), (a2), (c1), and (c2) show the waveforms of the
stator line-to-line and phase voltages. Fig. 11(bl), (b2), (d1),
and (d2) illustrate the variations of the stator b-phase voltage
vpn With respect to the stator a-phase voltage v,, during 1 s.
The resulting waveforms correspond to the locus described, in
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Fig. 14.

Steady-state flux and torque of the B4- (subscript “1”) and the B6- (subscript “2”) inverter fed 2PIM drives under the proposed direct RFOC strategies

for ig(ms) = 3 A. Legend 1: (top) ¢, (10 mWb/div), (bottom): Tery (S0 mN-m/div). Legend 2: (a) Q27 = 10 rad/s; (b) Q7 = 150 rad/s; (c) 27 = 250 rad/s.

Tek o @ Stop M Pos: —1.800ms Tek g @ Stop M Pos: -3.700ms
+ +
I’M\ + ]
NN \\kf%

CH1 200%  CH2 200% M 250ms CH1 ./

(@ (b)

CH1 200%  CH2 200% M 250ms CH1 ./

Fig. 15. Measured stator phase currents (2 A/div) at the steady-state operation
of the 2PIM following the implementation of the proposed direct RFOC strate-
gies for (277 = 250 rad/s and i (1) = 3 A. Legend: (a) case of the B4-inverter;
(b) case of the B6-inverter.

the stationary a—b plane, by the extremities of the four active
voltage vectors shown in Fig. 2 in the case of the B4-inverter
and of the six active voltage vectors shown in Fig. 4 in the case
of the B6-inverter.

From the analysis of Fig. 11(al) and (cl), one can notice
that the unbalanced dc-link voltages, penalizing the B4-inverter
fed 2PIM drive, affect the stator phase voltages, especially at
low speeds. The waveforms of the stator line-to-line and phase
voltages exhibit a better regularity in the case of the B6-inverter.

Now, let us consider the locus described, in the stationary
a-b frame, by the extremities of the four active voltage vectors
generated by the B4-inverter shown in Fig. 11(b1) and (d1). If
the dc-link capacitor voltages would have been balanced, such
a locus would have a square shape with it summits correspond
to the extremity of vectors V; shown in Fig. 2 including both
diagonals.

This is not the case of Fig. 11(b1) which shows a cubic shape
due to the high unbalance of the dc-link capacitor voltages.
Indeed, referring to Fig. 10(al), one can notice the following:
28 V< Vi1 <52 V and 16 V< V.o <40 V. In the case of
asymmetrical dc-link voltages (Vjc1 # Viez), Table I turns to
be Table I'V.

Accounting for Table IV and for the above ranges of variation
of V.1 and Vg2, one can find out an interpretation of the cubic
shape of the locus described by the extremities of vectors Vj.

This latter has a quasi-square shape at high speeds, as illus-
trated in Fig. 11(d1). This is due to the reduction of the asymme-
try between the dc-link voltages, as shown in Fig. 10(c1). How-
ever, in the case of the B6-inverter, and referring to Fig. 11(b2)
and (d2), one can notice almost the same shape which clearly
highlights the summits of the voltage vectors V; shown in Fig. 4.

3) Stator Phase Currents: Fig. 12 illustrates the waveforms
of the reference (subscripts “a” and “c”) and measured (sub-
scripts “b” and “d”) stator phase currents, considering two op-
erating points characterized by: 1) Q27 = 10 rad/s with i) =
2.5 A (subscripts “a” and “b”); and 2) 2* = 200 rad/s with
is(rms) = 3 A (subscripts “c” and “d”).

For both drives and for the two operating points, it is to be
noted that the waveforms of the a- and b-phase reference and
measured currents are balanced and shifted by % Moreover,
it is clearly appears that the phase current ripple are higher
in the case of the B6-inverter. However, one can remark that
the amplitude and the frequency of the reference currents are
slightly higher in the case of the B4-inverter. This is explained
by the fact that, for the same loading level, the 2PIM fed by the
Bo6-inverter absorbs low current given its higher phase voltages.
This remark is confirmed by the spectra shown in Fig. 13. These
correspond (from left to right) to the harmonic contents of the
measured a-phase stator currents 7,5, shown in Fig. 12(b1), (d1),
(b2), and (d2), respectively.

Furthermore, the spectra of Fig. 13 confirm the existence
of the low-order harmonics in the case of the B4-inverter fed
2PIM. These are caused by the unbalanced dc bus voltages and
the d—q transformation, especially at low stator frequencies.
Both phenomena are eradicated in the case of the B6-inverter
fed 2PIM.

4) Rotor Flux and Electromagnetic Torque: Fig. 14 gives
the waveforms of the rotor flux ¢, and the electromagnetic
torque 7., which have been estimated using the measured stator
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phase currents for the same loading level, corresponding to the
rated stator phase current 7,y = 3 A, and for three reference
speeds, such that: (a) 27 = 10 rad/s; (b) 2 = 150 rad/s; and
(c) 27 = 250 rad/s.

Referring to Fig. 14, it is to be noted that the rotor flux is
constant and follows its reference ¢; = 16.6 mWb for both
drives. Moreover, as highlighted by the simulation results, the
electromagnetic torque developed under the two first values of
the reference speed has lower ripple in the case of the B4-
inverter. However, from the comparison of Fig. 14(c1) and (c2),
it clearly appears that for high speeds, the torque generated by
the B4-inverter is affected by ripple indicating the initiation of
an unstable operation. This is due to the fact that the capability
of the B4-inverter to feed the 2PIM by the power required at
high speeds is limited by the reduced phase voltage level. The
B4-inverter commutations are then characterized by a four-step
operation mode. Consequently, the generated phase currents
turn to be distorted and unbalanced as shown in Fig. 15(a).

Fig. 16 shows the variations of 4,3 with respect to 7,5, consid-
ering the same operating points treated in Fig. 14. Ideally, the
curves drawn in Fig. 16 should have a pure circular shape in so
far as they represent the locus described by the extremities of
the stator current vector Iy in the stationary a—b frame, which
is not validated by experiments. Indeed, one can notice that the
ripple of the stator phase currents are higher in the case of the
Bo6-inverter, for low- and mid-speed ranges. However, at high
speeds, the locus described by the extremity of I, illustrated in
Fig. 16(cl), is far from being circular. This is due to the distor-
tion and unbalance of the amplitudes of i, and 71,4 in the case
of the B4-inverter fed 2PIM drive, as confirmed by Fig. 15(a).

5) Summary: From the analysis of the previous steady-state
experimental results, one can remark the following.

1) The implementation of the two direct RFOC schemes

on bang-bang current-regulated B4- and B6-inverter fed
2PIM drives leads to decoupled controls of the rotor flux

and of the electromagnetic torque. This clearly confirm
that the bang-bang regulation of the phase currents is suf-
ficiently rapid to control, with a high dynamic, the low-
inertia 2PIM.

2) The phase currents as well as the electromagnetic torque
exhibit lower ripple in the case of the B4-inverter fed 2PIM
drive under the corresponding RFOC scheme. This has
been gained thanks to the lower amplitude of the applied
active voltage vectors, although the two dc bus voltages
are affected at low speeds, by an asymmetry caused by an
unequal discharge of the dc-link capacitors and an injec-
tion of harmonics due to the d—q transformation. These
cause irregular amplitudes of the stator voltages.

3) The speed range is wider in the case of the B6-inverter
fed 2PIM drive under the corresponding RFOC scheme.
This has been gained thanks to the higher amplitude of
the applied active voltage vectors.

In light of this analysis, it clearly appears that, beyond its
improved cost effectiveness, the B4-inverter fed 2PIM drive
exhibits higher performance under RFOC than the B6-inverter
fed 2PIM one, except for its relatively limited speed range.

B. Transient Behaviors

1) Step-Shaped Reversal of the Reference Speed: Fig. 17
shows the experimental results giving the motor speed €2,., the
electromagnetic torque T,,,, and the rotor flux ¢, following
three successive step-shaped reversals of the reference speed,
such that ¢ = £100 rad/s.

The comparison between the waveforms shown in Fig. 17(al)
and (a2) clearly highlights that the speed dynamic is faster in
the case of the B6-inverter fed 2PIM drive. The B4-inverter fed
2PIM drive dynamic is remarkably affected by a zero-crossing
distortion during the speed reversals characterized by a null
step. Such a distortion is due to a torque cancellation period, as
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direct RFOC strategies during two successive ramp-shaped reversals of the reference speed, with 2
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shown in Fig. 17(b1), during which the 2PIM is no longer fed.
This statement is confirmed by the annulment of the rotor flux
as illustrated in 17(cl). These limitations are not applicable in
the case of the B6-inverter fed 2PIM drive.

2) Ramp-Shaped Reversal of the Reference Speed: Fig. 18
shows the experimental results illustrating the motor speed §2,.,
the electromagnetic torque 7, , and the rotor flux ¢, following
two successive ramp-shaped reversals of the reference speed,
such that 27 = £150 rad/s.

From the analysis of the waveforms shown in Fig. 18(al),
(bl), and (cl), it clearly appears that the phenomenon of the
zero-crossing distortion penalizing the B4-inverter fed 2PIM
drive perseveres even under a ramp-shaped speed reversals. In
the manner of the step-shaped speed reversal, such a distortion
is caused by the cancellation of the torque. However, the speed
follows precisely its reference in the case of the B6-inverter fed
2PIM drive. These performance are gained thanks to the high

\ Jbz)
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Experimental investigation of the transient behaviors of the B4- (subscript “1”") and the B6-(subscript “2”) inverter fed 2PIM drives under the proposed

= £150 rad/s. Legend: (a) 2 and €2,; (b) Q, and Tty ;

dynamic of the torque and the accurate regulation of the rotor
flux.

To sum up, the B4-inverter fed 2PIM drive suffers from a
poor dynamic behavior during the speed reversals either they are
step- or ramp-shaped. However, the B6-inverter fed 2PIM drive
exhibits a high dynamic under both shapes of speed reversal.

VII. CONCLUSION

This paper was aimed at a comparison of the steady-state and
transient performance of B4- and B6-inverter fed symmetrical
2PIM drives under dedicated RFOC strategies. The study has
been initiated by a presentation of both drives and a briefly recall
of the RFOC basis. Then, a special attention has been paid to
the implementation of the direct RFOC on current-regulated
inverters where the control of the power switches is achieved
by two two-level hysteresis regulators in the B4-inverter rather
than three in the B6-inverter.
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A simulation-based comparison of selected steady-state fea-
tures of both 2PIM drives under direct RFOC strategies has been
carried out in a first step. Then, the comparison has been ex-
tended to a deep experimental investigation of the steady-state
operation with emphasis on the dc-link capacitor voltages, the
stator line-to-line and phase voltages, the stator currents, the ro-
tor flux, and the electromagnetic torque. It has been found that
the B4-inverter fed 2PIM drive suffers from the following three
major limitations:

1) unbalanced dc-link capacitor voltages at low speeds;

2) a reduced speed range due to the low level of the phase

voltages; and

3) an injection of harmonics due to the d—q transformation.

Moreover, the obtained results highlighted that the B6-
inverter exhibits balanced dc-link capacitor voltages in the total
constant torque region. However, it is penalized by higher phase
currents and torque ripple.

The experiment-based comparison has been achieved by an
investigation of the dynamic behaviors of both drives under
step- and ramp-shaped reversals of the reference speed. It
clearly revealed the superiority of the B6-inverter fed 2PIM
drive compared to the B4 one. Indeed, this latter suffers from
a zero-crossing distortion under both shapes of speed reversal.

To sum up, it has been clearly shown that, in spite of its
higher cost, the B6-inverter is more suitable to feed symmetrical
2PIMs in order to achieve high performance in a large speed
range. Consequently, a firm selection among the B4- and the
Bo6-inverters should be based on the tradeoff cost/performance.
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